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Introduction

Summary

Chronic allograft nephropathy (CAN) is the leading cause of late allograft loss
in kidney transplantation. Interstitial fibrosis and glomerulosclerosis are charac-
teristic of CAN. Transforming growth factor beta-1 (TGFf-1) is associated with
both of these histologic findings in the transplant setting. Recent studies have
suggested that vitamin D signaling pathways may interact with and regulate
TGFf-1 mediated events. We examined the efficacy of 1,25-dihydroxyvitamin D;,
the active metabolite of vitamin D [1,25-(OH),Ds], the active metabolite of
vitamin D, as monotherapy to prolong allograft survival and preserve renal
function in a rat model of CAN, the Fisher 344 to Lewis model. Recipients
went without treatment or were treated with cyclosporine A (CSA; 10 days) or
1,25(0OH),D5 (1000, 500 or 250 ng/kg/day). Grafts were harvested at the time
of rejection or at 24 weeks post-transplant. A portion of the graft was proc-
essed for histology and immunohistochemistry and a second portion was ana-
lyzed for protein expression by western blotting. Not only did 1,25-(OH),D;
treatment significantly prolong graft survival, but it also prevented histological
changes associated with CAN. 1,25-(OH),D; treatment significantly decreased
Smad 2 expression. This TGF signaling molecule is likely involved in fibrosis.
Moreover, 1,25-(OH),D; treatment increased Smad 7 expression, an important
feedback molecule in the TGFB-1 signaling pathway. This suggests that 1,25-
(OH),D; interacts with TGFB-1 in limiting histological injury in this model of
CAN. Furthermore, 1,25-(OH),D;, treatment increased expression of matrix
metalloproteinase 2 (MMP-2), thus directly affecting levels of another import-
ant matrix molecule. Taken together our data suggests that 1,25-(OH),D; miti-
gates CAN in this model by altering TGFf-1 and matrix-regulating molecules.

mia/perfusion injury and cytokine expression. Transform-
ing growth factor beta-1 (TGF-1), in particular, plays a

Chronic allograft nephropathy (CAN) is characterized by
fibrotic changes throughout the allograft including
tubulointerstitial fibrosis, glomerulosclerosis, tubular atro-
phy, and concentric neointimal hyperplasia. CAN appears
to be an irreversible process. It leads to graft failure and
ultimately results in re-transplantation or dialysis. The
mechanisms underlying the development of CAN are
unknown, but likely involve a complex interaction
between humoral and cellular immune responses, ische-

prominent role in CAN. The involvement of this cytokine
in CAN has been reviewed recently [1]. Several transplant
studies have demonstrated correlations between TGFf-1
expression and the development of interstitial fibrosis and
glomerulosclerosis in kidney transplant recipients [2-5].
1,25-dihydroxyvitamin D, [1,25-(OH),D5] is the active
metabolite of vitamin D. Interestingly, it regulates
immune responses and prevents the development of a
number of autoimmune diseases in rodent models [6].
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1,25-(OH),D; also prevents acute allograft rejection [7].
Many of these effects may result from 1,25-(OH),D3’s
inhibition of dendritic cell maturation and its effects on
regulatory T cell development [8,9] or T helper pheno-
type [10]. Thus, 1,25-(OH),D; may be a useful immuno-
suppressive agent for transplantation.

It is important to recognize 1,25-(OH),D3’s mechanism
of action in attempting to understand its effects in a
transplant setting. 1,25-(OH),D; traverses the cytoplasmic
membrane where it binds the vitamin D receptor (VDR).
VDR or VDR complexed with the retinioic acid receptor
[retinoid X receptor (RXR)] then travels to the nucleus
where it functions in conjunction with other co-activator/
repressors as a transcription factor to differentially affect
the expression of various genes, depending on cellular
phenotype, cell cycle, and cellular activation [11]. There
is a direct link between the 1,25-(OH),D3; and TGFf-1
signaling pathways. TGFB-1 binding to its cell surface
receptor results in the phosphorylation of the receptor-
activated TGFP signaling proteins (Smads) 2/3 that then
interact with the co-Smad, Smad 4, to form a heterodi-
meric complex that translocates to the nucleus to regulate
gene expression. We and others have shown that Smad 3
and Smad 7, each form a complex with the VDR, in vivo
and in vitro [12,13]. Such a complex in the nucleus could
act as transcriptional regulator that can bind the promot-
ers of new target genes or it could alter the affinity of the
transcriptional regulatory complex for the promoters of
traditional target genes. This suggests that 1,25-(OH),D3
could regulate TGFf-1-mediated gene and protein expres-
sion and, therefore alter TGFB-1 effect’s in CAN.

Here we examined the effects of 1,25-(OH),Dj3 therapy
in the Fisher to Lewis renal allograft model, a model of
CAN. Our results suggest that 1,25-(OH),D; is effective
in prolonging allograft survival and limiting CAN in this
model in association with discrete changes in TGFf-1
signaling molecules.

Materials and methods

Animals

Donor and recipient rats (>250 g) were obtained from
Harlan Sprague Dawley, Indianapolis, IN, USA. Recipient
animals were placed on experimental diet containing
0.47% Ca [14] 7 days prior to transplantation. Recipients
were divided into groups that received experimental diet
alone or experimental diet containing 1,25-(OH),D; (250,
500, or 1000 ng/rat/day) or cyclosporine A (CSA) 1.5 or
5 mg/kg/day i.p. for 10 days. Animals were maintained
on diet until the time of rejection or graft harvest at
24 weeks and were housed singly to ensure equal food
intake. All care and use of laboratory animals followed
the National Institutes of Health (NIH) (NIH publication
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No. 86-23) guidelines. 1,25-(OH),D; was prepared, dis-
solved in ethanol and placed in the experimental diet as
previously described [7]. Ethanol was also added to the
diet prepared for non-1,25(OH),D; treated recipients.
1,25-(OH),D; was the generous gift of Dr Hector DeLu-
ca, Department of Biochemistry, University of Wisconsin,
WI, USA. CSA (Sandimmune i.v.;1.5 or 5 mg/kg/day for
10 days.) was diluted in saline and given i.p.

Transplantation

The Fisher to Lewis model of CAN has been described
[15]. Briefly, donor kidneys obtained from male Fisher
344 rats were flushed with 10 ml cold University of Wis-
consin preservation solution and stored at 4 °C while the
recipient was prepared. Total cold ischemic time did not
exceed 30 min. Lewis male recipients were transplanted
with either a Fisher 344 or Lewis kidney following left
native nephrectomy. The donor renal artery, vein and
ureter were anastomosed to the recipient renal artery,
vein and ureter. The right native kidney was removed
10 days post-transplant. Graft function was monitored by
serum creatinine and urinary protein determinations.
Serum creatinine determinations were performed by the
University of Wisconsin Hospital and Clinics Clinical
Laboratories. Grafts were harvested at the time of sacrifice
because of declining renal function or at 24 weeks.

Urinary protein

Proteinuria was assessed every 2 weeks. Animals were
placed in metabolic cages for 24 h and urine collected.
Protein excretion was determined using a dye-binding
assay (quanTtest red, Quantimetrix Corp., Redondo
Beach, CA, USA) according to manufacturer’s instruc-
tions with minor modifications. Briefly, 20 pl of the urine
sample was diluted with 1X phosphate-buffered saline
(PBS) in a twofold series dilution in 96-well flat-bottom
microtiter plates (Corning, NY, USA). The final dilution
was 1:32. 125 pl quanTtest red reagent was added and the
protein concentration in the samples measured by reading
the absorbance at 600 nm and compared with the absorb-
ance of a 50-0.062 mg/ml rat albumin/globulin protein
standard on a V).« Kinetic microplate reader (Molecular
Devices Corp, Sunnyvale, CA, USA). Data was analyzed
with Softmax Pro-software (Molecular Devices Corp).

Western blot analysis

A portion of the snap frozen graft containing both cortex
and medulla was ground with a mortar and pestle. For each
100 mg of tissue, the sample was resuspended in 400 pl
of lysis buffer (10 mm Tris base, 150 mm NaCl, pH 8.0)
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containing protease inhibitors (P2714 1:1000, Sigma
Chemical Co., St Louis, MO, USA) and homogenized
(PowerGen 125, 1 min) (Fisher Scientific, Pittsburgh, PA,
USA). Triton X100 was then added to 1% and the sample
place on ice, for 30 min. The solublized sample was then
spun at 4 °C for 15 min at 15 000 g. The supernatant was
collected and stored at —80 °C. Sample protein concentra-
tions were determined using the Micro BCA assay (Pierce
Chemical Co., Rockford, IL, USA) according to manufac-
turer’s instructions, except that the assay was performed in
half area plates combining 35 pl sample with 70 pl of
reagent. Samples (30 pg/well) were resolved on a 10%
reducing acrylamide gel and transferred to a nitrocellulose
membrane using a semi-dry transfer system (Bio-Rad
Laboratories, Hercules, CA, USA). Membranes were
blocked overnight at 4 °C in Blotto B [1% dry milk, 1%
bovine serum albumin (BSA), 0.05% tween 20 in PBS] plus
0.05% sodium azide. Membranes were washed with PBS
tween (6X, 10 min) followed by addition of diluted
primary antibody [Blotto B, 5% dry milk, 1 h at RT
with rocking; rabbit anti-Smad 2, 3, 6 (Zymed Corp., San
Francisco, CA, USA; 1:6000); goat anti-Smad 7 (Santa
Curz, Santa Cruz, CA, USA; 1:2500) or mouse anti-tubulin
clone Ab-4 (Neomarkers, Fremont, CA, USA (1:14 000)].
Membranes were again washed and diluted secondary
HRP-conjugated antibody added [anti-rabbit IgG-HRP
1:32 000 (Transduction Labs, Lexington, KY, USA); anti-
goat IgG-HRP 1:2500 (Transduction Labs); anti-mouse
IgG-HRP 1:240 000 (Transductions Labs)]. The mem-
branes were washed and (four 10-min washes with PBS-
tween followed by two 10-min PBS washes) and then
developed using the SuperSignal West Pico Chemilumi-
nescent substrate according to manufacture’s instruction
(Pierce Chemical Co.) Fold changes were expressed as the
ratio of Smad protein levels to tubulin level relative to the
untreated allogeneic control. A negative value was assigned
if the ratio of the group to the allogeneic control was <1.

Enzyme linked immunoabsorbant assay

The TGEB-1 and MMP 2 levels were quantified by anti-
gen-capture enzyme linked immunoabsorbant assay
(ELISA) from the same lysates used in the Western blots.
A flat bottomed, half area EIA/RIA A/2 plate (Costar,
Cambridge, MA, USA) was coated overnight at 4 °C with
25 pul monoclonal primary antibody [anti-TGFp-1, IgG,
1:1000 dilution in carbonate buffer, pH 9.7, TGFB-1 E, .y
(ImmunoAssay; Promega Inc., Madison, WI, USA); anti-
MMP 2, 2.5 pg/ml (clone 1A10; R&D Systems, Minnea-
polis, MN, USA)]. After blocking with 1X block buffer at
37 °C for 35 min, 25 pl of cell lysate (diluted 1:10 in the
lysis buffer) was added to the wells. A standard curve was
generated by performing twofold serial dilutions of stand-
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ard active TGFB-1 antigen (diluted 15.6-1000 pg/ml,
Promega Inc.) or MMP 2 (0.5-100 ng/ml, R&D Systems)
in lysis buffer. The plate was incubated for 2 h at RT with
shaking and then washed extensively with wash buffer
(0.05% Tween 20 in PBS) followed by PBS. The TGFp-1
ELISA was then developed according to the manufac-
turer’s instruction. For the MMP 2 ELISA, biotinylated
detection antibody, clone 101721 (25 ul well at 1.4 pg/ml,
R&D Systems) was added and incubated at RT (1 h, with
shaking). The antibody was biotinylated using a Mini-
Biotin-XX Protein Labeling Kit (F-6347) according to
manufacturer’s instruction (Molecular Probes, Eugene,
OR, USA). Following further washing, an avidin-peroxi-
dase conjugate was added (25 pl/well at 1:5000) for
30 min at RT. The color reaction was developed by the
addition of 25 pl of the 3, 3/, 5, 5’-tetramethylbenzidine
(TMB)/hydrogen peroxidase substrate solution (KPL,
Gaithersberg, MD, USA). Color development was stopped
after approximately 10 min by the addition of 25 ul TMB
stop solution. Absorbance was measured at 450 nm on a
Vmax Kinetic microplate reader (Molecular Devices). To
measure total TGFB-1 in the sample, acid activation was
performed: 1 pul of IN HCI was added to the harvested
supernatant sample (diluted 1:5 in PBS) and incubated at
RT for 15 min. One microlitre of 1 M NaOH was then
added to neutralize the acid. Acid activated samples were
then assayed by antigen-capture ELISA after a further
1:10 dilution in sample buffer.

Immunohistochemistry and histological scoring

Formalin fixed, paraffin embedded rat kidneys were sec-
tioned to 4 um. Sections were re-warmed on day of stain-
ing at 60 °C for 10 min, then deparaffinized in xylene for
30 min followed by rehydration. Sections were washed
twice in distilled water and antigen retrieval performed.
Briefly, sections were soaked in 100 mm citrate buffer,
pH = 6.0 for 10 min at 90 °C and then heated to 115 °C
for 20 min. Sections were allowed to cool and then
washed in PBS and blocked for 10 min with Biocare
Super Sniper9 (BS966L) followed by diluted primary anti-
body [TGFB-1 (Promega Corp) G1221, 1:150; Smad 2,
rabbit anti-Smad 2 (Zymed) 1:200; anti-MMP 2 (R&D
Systems) 1:200] at 4 °C overnight. Slides were washed
(3 X 5 min, PBS) and secondary antibody applied (1 h at
RT, MachlII Biocare goat anti-rabbit with polymer spacer;
RHRP520H, Walnut Creek, CA, USA). Slides were devel-
oped with Pierce’s Stable Peroxide buffer (catalogue no.
1855910) and Pierce’s Stable Metal enhanced DAB solu-
tion (catalogue no. 1856090). Grafts were scored on a
scale of not detectable (ND) to +++ (intense staining).
For histological scoring, H&E sections were prepared
from paraffin embedded grafts. Grafts were scored for
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interstitial fibrosis, glomerulosclerosis, tubular atrophy
and intimal hyperplasia (IH) using a scale of 0-3 (0 = no
pathology; 1 = <25% involvement, mild; 2 = 25-50%
involvement, moderate: and 3 = >50% involvement,

severe).

Statistical methods

Differences in graft survival were tested with a log-rank
test. A one-way ANova was used to test differences
between groups in interstitial fibrosis, glomerulosclerosis,
tubular atrophy and IH ratings. If the overall F-test was
significant, least squares mean values and standard errors
were obtained for each treatment group. All pairwise
comparisons between groups were calculated; this corres-
ponds to Fisher’s protected least significant difference test.
The anova was run with procedure GLM in SAS 6.12 for
Windows (SAS Institute, Cary, NC, USA). Differences in
protein expression were compared by #-test and one-way
ANovA. Differences in serum creatinine and urinary pro-
tein were compared using the Wilcoxon Rank Sum test.

Results

1,25-(OH),D; prolongs allograft survival and decreases
the severity of CAN

Dietary 1,25-(OH),D; (1000 ng/rat/day, monotherapy,
n = 9) significantly prolonged graft survival in allogeneic
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recipients (Fig. la; P = 0.0031) in comparison with allo-
geneic untreated controls (n = 14). When 1,25-(OH),D;
was reduced to 500 ng/rat/day significant prolongation of
graft survival was sustained (P = .0.0009, n = 10), but
250 ng/day did not have as pronounced effect on graft
survival (P = 0.4, n = 8). Prolonged graft survival at
1000 or 500 ng/rat/day was not statistically different from
recipients treated with CSA (1.5 or 5 mg/kg/day for
10 days) or syngeneic controls.

An early acute rejection episode typically occurs within
2 weeks post-transplant in this model. This is prevented
with short-term CSA monotherapy (5 mg/kg for 10 days;
Fig. 1b). Low-dose CSA (1.5 mg/kg/day for 10 days) lim-
its this rejection episode. Treatment with 1,25-(OH),D;
(1000 ng/day), in the absence of CSA, however, attenu-
ated the early acute rejection episode with only a minimal
increase in serum creatinine at 2 weeks post-transplant
(Fig. 1b; P = 0.0005 versus untreated allogeneic control;
P = 0.02 versus the low dose CSA allogeneic group).
There was a possible dose-response effect although as the
response to 250 ng/day of 1,25-(OH),D; was similar to
untreated allogeneic controls. When grafts were harvested
at 1 or 2 weeks post-transplant, histology revealed acute
rejection in the untreated allografts which was absent in
allografts treated with 1,25(OH),D5; (1000 ng/rat/day,
data not shown). There was no evidence of delayed graft
function (data not shown). As shown in Table 1, most
recipients gained an average of 25-30% of their weight
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Figure 1 (a) Prolongation of renal allograft survival with 1,25-(0OH),Ds. Lewis recipients were transplanted with either a Lewis or F344 renal graft.
Recipients were either untreated (syngeneic, n = 8; allogeneic, n = 10) or received 250 (n = 6), 500 (n = 14), or 1000 ng/rat/day (n = 9) 1,25-
(OH),D3 in the diet beginning on day 7. CSA (5 mg/kg/d, n =9 or 1.5 mg/kg/day, n = 6) was begun on the day of transplant and given for
10 days. Significant prolongation of graft survival was obtained with 1,25(0H),D3 at 1000 ng/rat/day (P = 0.0031,) and 500 ng/rat/day (P =
0.0009) but not 250 ng/rat/day (P = 0.4) Graft function was monitored with serum creatinine and urinary protein. (b) Serum creatinine levels in
transplant recipients. Serum creatinine levels in whole blood were determined at the times indicated. 1,25(0OH),Ds (1000 ng/rat/day) significantly
reduced serum creatinine early post-transplant P = 0.0005 versus untreated allogeneic control; P = 0.02 (*) versus the low dose CSA allogeneic
group. (c) Urinary protein secretion following transplantation. Recipients were placed in metabolic cages for 24 h, urine collected and protein con-
centration determined. 1,25(0H),D3 at 1000 ng/rat/day significantly reduced urinary protein in comparison to untreated allogeneic recipients
[P =0.003, P< 0.4, P=0.01, P=0.002, and P = 0.006 at 8, 12, 16, 20 and 24 weeks post-transplant] or allogeneic recipients treated with low
dose CSA (1.5 mg/kg/day; for 10 days: P = 0.21, P=0.13, P=0.02, P = 0.002 and P = 0.01 at 8, 12, 16, 20 and 24 weeks post-transplant,
respectively). Most recipients gained an average of 25-30% of their weight at the time of transplant except in the untreated allograft group in
which recipients gained only 5%.
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Table 1. Weight gain in recipients at
the time of graft harvest.

At At graft Weight P-value versus
Group transplant harvest gain untreated allogeneic
Low dose CSA 372 + 36 435 + 30 63 + 53 <0.15
Allo untreated 361 +24 371 £ 71 19 + 42
Syngeneic 382 + 50 485 £ 5 116 + 41 <0.001
Syngeneic 1000 355 + 23 430 + 31 75 £ 28 <0.02
Allogeneic 1000 274 + 25 341 + 43 63 + 53 <0.016

from the time of transplant during the 6-month post-
transplant course except animals in the untreated allograft
group. Those recipients gained only 5% of their weight.
At the time of the early rise in creatinine (during acute
rejection) there was no difference in weight between the
groups.

We also determined urinary protein excretion following
transplantation.  Monotherapy  with  1,25-(OH),D;
1000 ng/rat/day (P = 0.003, P < =04, P=0.01, P=
0.002, and P = .006 at 8, 12, 16, 20 and 24 weeks post-
transplant, respectively; Fig. 1c) or 500 ng/rat/day (data
not shown) significantly lowered urinary protein excre-
tion in comparison with untreated allogeneic controls or
allogeneic recipients treated with low-dose CSA (1.5
mg/kg/day; for 10 days: P = 0.21, P = 0.13, P = 0.02,
P =0.002 and P = 0.01 at 8, 12, 16, 20 and 24 weeks
post-transplant, respectively).

Histological examination of the untreated allografts
(Fig. 2a) or allografts treated with low-dose CSA (Fig. 2b)
(24 weeks) demonstrated interstitial fibrosis, glomerulo-
sclerosis and neointimal hyperplasia, features characteris-
tic of CAN. 1,25-(OH),D; treatment inhibited the
development of these pathological features (Fig. 2¢).
Again, there appeared to be dose-response effect. Recipi-
ents treated with 250 ng 1,25(OH),Ds/rat/day manifested
evidence of a mild to moderate cellular infiltration (Banff
IA or ITA) in seven of eight allografts (Fig. 2d). However,
there also was a narrow therapeutic window. Despite
inhibition of rejection and stable function, it was appar-
ent that some calcium deposits were present in recipients
treated with 1000 ng of 1,25-(OH),D;. While serum cal-
cium levels remained elevated in the 500 ng/day group
(12.2 £ 0.8 mg/dl vs. 11.1 = 1.1 mg/dl low dose CSA allo-
geneic recipients at 24 weeks) histological examination
showed reduced calcium deposition. Serum calcium levels
were not significantly different (P = 0.8). Trichrome
staining revealed decreased collagen deposition in 1,25-
(OH),Djs-treated recipients and preservation of glomeru-
lar structure (Fig. 2e-h). Semi-quantitative histological
analysis of the all grafts revealed a significant reduction in
interstitial fibrosis and IH from allogeneic recipients trea-
ted with 1,25(OH),D; with 1000 or 500 ng/rat/day but
not 250 ng/rat/day (Table 2). Tubular atrophy was signifi-
cantly reduced in grafts from recipients treated with

500 ng/rat/day 1,25(OH),Ds. This was also observed in
grafts from recipients treated with 1000 ng/rat/day, with
the difference approaching statistical significance (P =
0.093). Tubular atrophy was not reduced in grafts from
recipients treated with 250 ng/rat/day 1,25(OH),Ds.

1,25-(OH), D3 treatment does not alter TGFB-1 bioactive
protein expression

An antigen-capture ELISA was performed using an anti-
body specific for bioactive TGFB-1 to determine protein
expression. Interestingly, bioactive protein (2.3 fold)
expression was elevated in the high dose CSA-treated allo-
geneic recipients (5 mg/kg). There was no significant dif-
ference in the level of bioactive TGFB-1 protein expressed
between any of the groups in comparison with the
untreated allogeneic controls (Fig. 3; n = 5). As shown in
Fig. 4, immunohistochemistry for bioactive TGFf-1
revealed staining in tubular areas of 1,25-(OH),D;-treated
and nontreated allogeneic grafts. However, little bioactive
TGEFp-1 expression was observed in the glomeruli of 1,25-
(OH),D;-treated grafts in contrast to the untreated
allogeneic control grafts. Semi-quantitiative analysis of
immunostaining suggest a small increase in the intensity
of bioactive TGFB-1 staining in interstitial and tubular
areas of untreated allogeneic grafts in comparison with
grafts from recipients treated with either 500 or 1000 ng/
rat/day 1,25(OH),D; (Table 3).

1,25-(OH),D; treatment altered allograft Smad
expression

Immunoblotting revealed a marked decrease in Smad 2
(Fig. 5; n = 3 or more for each group, P = 0.04) protein
levels in recipients treated with either 1000 (216-fold) or
500 ng/rat/day (208-fold, P =0.03, n =3 data not
shown) in comparison with allogeneic untreated controls.
In grafts from recipients treated with 250 ng/rat/day
1,25(0OH),D3 Smad 2 was reduced (7.2 fold) in compar-
ison with untreated allogeneic controls, however the dif-
ference was not significant (P = 0.11). Smad 3 protein
levels were similar in allogeneic recipients regardless of
treatment but were decreased in comparison with synge-
neic controls. Smad 7 protein levels were increased in
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Table 2. Histological score of grafts.

Prevention of chronic allograft nephropathy with vitamin D

Group

Interstitial fibrosis

Glomerulosclerosis

Tubular atrophy

Intimal hyperplasia

Syngeneic 9 (n = 8)

Syngeneic 1000 (n = 8)

Syngeneic 500 (n = 6)

Syngeneic 250 (n = 7)

Allogeneic Untreated (n = 10)
Allogeneic CSA (1.5 mg/kg, n = 7)
Allogeneic 1000 (n = 9)
Allogeneic 500 (n = 14)
Allogeneic 250 (n = 8)

0.4 + 0.2 (0.0001)
0.4 + 0.3 (0.0001)
0.6 + 0.3 (0.0012)
0.2 + 0.3 (0.0001)
2.9+0.2(0.013)
20+03

1.4 + 0.2 (0.0923)
1.3+ 0.2 (0.043)
2.0+ 0.3(1.0)

0.1 + 0.2 (0.0004)
0.3 + 0.3 (0.002)
0.2 = 0.3 (0.002)
0.4 +0.3(0.01)
2.6 = 0.2 (0.003)
1.5+£02
1.1+£0.2(0.31)
0.9 = 0.2 (0.092)
1.5+ 0.3(1.0)

0.5 + 0.2 (0.0001)
0.7 £ 0.3 (0.001)
0.8 + 0.3 (0.005)
0.8 + 0.3 (0.005)
2.9+0.2(0.012)
20+03

1.6 +0.2 (0.31)
1.2+ 0.2 (0.025)
2.2 +£0.3(0.671)

0.4 + 0.2 (0.0001)
0.0 + 0.2 (0.0001)
0.2 + 0.4 (0.0001)
0.0 + 0.2 (0.0001)
2.7 £ 0.2 (0.064)
22+0.2

1.5+ 0.2 (0.028)
1.5+ 0.2 (0.011)
2.2+0.2(1.0)

P-value versus low dose allogeneic CSA (1.5 mg/kg) is shown in parenthesis. Grafts were scored on a scale of 0-3 (0, not present; 1, 25%, mild;

2, 20-50%, moderate; 3, >50%, severe).

mm Allo+CSA
Allo+VitD
s Allo

EEES Syn+VitD

T

TGFB-1 pg/ug protein

Figure 3 Bioactive TGFf-1 protein levels in allografts are not chan-
ged by 1,25(0H),D53 treatment. Grafts were harvested at the time of
rejection or at 24 weeks post-transplant. Bioactive TGFB-1 levels were
determined by a TGFp-1-specific antigen-capture ELISA. There were
no statistically significant differences between the various groups.
Data are the mean + SD (n = 5).

both 1,25-(OH),Ds-treated (4.3 fold, P = 0.02) and CSA-
treated (5 mg/kg/day; 5.4-fold P = 0.03) allogeneic grafts
in comparison with untreated allogeneic grafts (Fig. 5).
However, Smad 7 in allogeneic recipients was decreased
in comparison with syngeneic controls. Smad 6 protein
expression was decreased in both 1,25-(OH),D; and

CSA-treated allograft recipients and was unchanged in
syngeneic recipients in comparison with allogeneic
untreated control animals. Smad 7 protein expression was
also elevated in the 1,25(OH),Ds-treated syngeneic recipi-
ents. Immunohistochemistry confirmed the marked
reduction of Smad 2 expression in 1,25(OH),D;-treated
grafts (Fig. 4 and Table 3).

1,25-(OH),Dj; altered allograft MMP expression

Given the effects on TGF-1 signaling, we were also inter-
ested in whether 1,25-(OH),D; affected mechanisms of
matrix deposition. Therefore, we analyzed MMP-2 pro-
tein expression. Total MMP 2 protein expression was
increased in both syngeneic and allogeneic 1,25-(OH),Ds-
treated groups and was unchanged in the CSA-treated
allogeneic recipients in comparison with untreated alloge-
neic animals (Fig. 6; n = 3 for all groups). Immunohisto-
chemistry for MMP 2 showed that the increased
expression in 1,25(OH),D;-treated allografts occurred
primarily in the tubular epithelium (Fig. 4).

Discussion

Our data clearly suggest that 1,25-(OH),D; therapy
improved allograft function. In conjunction, the expres-
sion of molecules directly related to extracellular matrix

Figure 2 1,25-(0OH),D3 treatment prevents histopathological changes associated with CAN. (a) H&E from an untreated allograft. Note the cellular
infiltrates (1), interstitial fibrosis (IF) and neointimal hyperplasia (IH) in a small artery. Magnification 200x. (b) H&E from an allograft that received
low dose CSA (1.5 mg/kg/day for 10 days). () H&E from an allograft treated with 500 ng/rat/day 1,25-(0OH),Ds. There is little or no interstitial
fibrosis, with significantly decreased cellular infiltration. (d) H&E from allograft treated with 250 ng/rat/day 1,25(0H),Ds, Banff score IIA. The graft
contains numerous cellular infiltrates and interstitial fibrosis. Magnification 200x (a—d). Trichrome Mason stained section from an untreated allo-
graft (e), a 1,25(0H),Ds-treated (500 ng/rat/day) allograft recipient (f) an untreated syngeneic graft (g) and syngeneic graft treated with 1,25-
(OH),D3 (1000 ng/rat/day) (h). Note the lack of collagen deposition, interstial fibrosis, tubular atrophy and preservation of glomerular structure in

the 1,25-(0OH),Ds-treated allograft. Magnification 400x (e-h).
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Figure 4 Immunohistochemical analysis of grafts for TGFB-1, Smad 2 and MMP 2 protein expression. 1,25(0H),D5 treatment decreased glomeru-
lar bioactive TGFB-1 expression. Tubular staining was observed in all grafts. Smad 2 protein expression was dramatically reduce by 1,25(0H),D3
treatment. Increased MMP 2 protein expression was observed primarily in the tubular epithelium. Magnification 200x.

Table 3. Immunohistochemical analysis of grafts.

TGFB-1 Smad 2 MMP 2
Group Tub Glom Inst Tub Glom Inst Tub Glom Inst
Syngeneic + o+ + o+ + + + ND ND
Syngeneic 1000 +  + + ND ND ND ++ + ND
Allogeneic ++  + ++ +++ ND  +++ ++ ND ND
Allogeneic 1000 +  + + o+ ND 4+  +++ + ND

Grafts were scored on a scale of not detectable (ND) to +++ (intense
staining).

(ECM) remodeling in this model of CAN were also modi-
fied.

Chronic allograft nephropathy is characterized by
interstitial fibrosis, glomerulosclerosis, tubular atrophy,
and concentric IH in arteries (vasculopathy) [16-18].
Many of these processes have been associated with the
TGEFp-1 expression [1]. This cytokine is a potent stimula-
tor of ECM deposition, stimulating in kidney tissue,
collagen and fibronectin synthesis by many cell types
[19-21]. Within the glomerulus, Nicholson et al. [22]
have noted a specific elevation of TGFB-1 expression fol-
lowing the development of CAN. They also noted a cor-
relation with collagen type III deposition. We have
observed that the beneficial effects of 1,25-(OH),D; treat-
ment is in part the prevention of histological changes

associated with CAN. Immunostaining of 1,25-(OH),Ds-
treated allografts demonstrated reduced expression of
TGEFB-1 specifically in the glomeruli although whole kid-
ney TGF-1 levels were unchanged based on the ELISA
results. Together with the observed decrease in collagen
deposition in 1,25-(OH),Ds-treated allografts, these data
suggest that 1,25-(OH),D; may modulate TGFB-1-medi-
ated fibrotic events.

There is an important interaction between the TGF-1
and the 1,25-(OH),D; signaling pathways [12,23,24].
Yanagisawa et al. [12] have demonstrated in vitro that
Smad 3 functions as a co-activator to the VDR forming a
heterodimeric complex with Smad 3/Smad 4 in cells over
expressing VDR while Subramaniam et al. [24] have sug-
gested that co-activation requires close proximity of the
VDR and the Smad binding response elements. We have
observed complex formation between the VDR and Smad
3 in renal graft cell lysates derived from 1,25-(OH),Ds-
treated animals suggesting an in vivo interaction as well.
In addition, we and others have shown that the VDR
interacts with Smad 7 both in vitro [23] and in vivo. Fol-
lowing 1,25-(OH),D; treatment we observed a dramatic
reduction in the Smad 2 expression with minimal change
in Smad 3 levels in allograft recipients. The changes in
Smad 2 protein expression that we observed are consis-
tent with recent findings of Li et al [25] describing
TGFB-1-mediated fibrotic changes in a renal tubular
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Figure 5 1,25-(0OH),D3 treatment significantly inhibits Smad 2 protein expression. Renal lysates were subjected to SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were probed with specific anti-Smad antibodies and appropriated HRP-conjugated secondary antibod-
ies. Signal was detected with chemiluminesent substrate. Following exposure, X-ray films were scanned and the amount of expression compared
to that of tubulin as an internal control using Scion Image software. (a) A Western blot for smad 2, 3, 6 7 and tubulin. (b) Fold changes in protein
expression. Fold changes are expressed as the ratio of Smad protein levels to tubulin level relative to the untreated allogeneic control. A negative
value was assigned if the ratio of the group to the allogeneic control was less than one. 1,25(0H),Ds significantly decreased Smad 2 protein

expression (P = 0.04).

epithelial cell line where the effects of TGFB-1 were medi-
ated by Smad 2. One possible mechanism is that complex
formation of VDR with Smad 2 may signal ubiquintina-
tion and degradation. In contrast, inhibitory Smad 7
expression was increased. This could result from a TGFf-
1 autocrine feedback loop or stabilization of Smad 7
expression as a VDR complex. Taken together, these data
suggest that 1,25-(OH),D;-mediated reduction in Smad 2
and increased Smad 7 protein expression may be an
important mechanism in preventing CAN.

The matrix metalloproteinases (MMPs) family of pro-
teins are responsible for the remodeling of ECM [26].
Their expression is regulated, in part, through the Smad
family of transcription factors. In concert with the tissue
inhibitor of matrix metalloproteinases (TIMPs), they
regulate aspects of matrix deposition and uptake. We pre-
viously demonstrated changes in MMP expression in

Transplant International 18 (2005) 1175-1186 © 2005 European Society for Organ Transplantation

transplant patients with CAN [27]. A recent report char-
acterizing the role of Smad 2 and Smad 3 in TGFf-1
signaling in Smad 2- and Smad 3-deficient fibroblasts
demonstrated the dependence of MMP 2 expression on
Smad 2 [28]. In the studies reported here, we observed
increased MMP 2 expression. In addition to altering the
TGFp-1 signaling pathway, one possible mechanism by
which 1,25-(OH),D; mitigates CAN is by altering the
MMP/TIMP balance through regulation of the Smads.
Alternatively, VDR may act as transcription factor to
directly regulate MMP/TIMP expression. Within the cell,
free 1,25-(OH),D; traverses the cytoplasmic membrane
where it binds the VDR. Binding of 1,25-(OH),D; to the
VDR results in phosphorylation of the VDR and the ability
to bind specific DNA sequences either as a homodimer or
a heterodimer with the RXR [29]. VDR or VDR-RXR
binding to response elements may differentially affect the
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Figure 6 1,25-(0OH),D3 treatment alters MMP protein expression. Pro-
tein expression was quantified by Western blot analysis. Fold changes
are expressed relative to the allogeneic untreated control as described
above. 1,25(0H),D3 treatment significantly increased MMP 2 protein
expression in 1,25(0H),Ds-treated allogeneic recipients in comparison
to untreated allogeneic controls (P = 0.04).

expression of various genes, depending on cellular pheno-
type, cell cycle, and cellular activation [11]. Thus,
1,25(0OH),D; may directly regulate MMP expression. It is
likely that the effect of 1,25(0OH),D; on the histopatho-
logical changes of CAN is the result of the interaction of
multiple mechanisms. The relatively small changes in
Smad 7 and MMP 2 expression when combined with the
dramatic reduction in Smad 2 expression could result in
significant alterations in histopathology as we observed.
As Smad 2 is required in the Smad 3/4 complex for translo-
cation to the nucleus, the end result could be a dramatic
reduction in the induction of genes required for matrix
remodeling. We have also observed in vitro using MMP
promoter reporter constructs in a renal proximal tubular
cell line that 1,25(OH),D; directly regulatess MMP 2
expression (D.A. Hullett, unpublished observations).
Progressive glomerular diseases including CAN, glome-
rulonephritis, diabetic nephropathy, and focal segmental
glomerulosclerosis are often characterized by mesangial
cell proliferation and the subsequent ECM accumulation
[22,30]. Within the glomerulus, mesangial cells in these
disease settings undergo a phenotypic change. They
up-regulate smooth muscle o-actin expression and acquire
fibroblast characteristics. They also secrete collagens nor-
mally absent in the matrix e.g. collagen I and IV, in addi-
tion to secreting increased amounts of collagen III. Abe
et al. [31] have suggested that 1,25-(OH),D; or non-
hypercalcemic analogs of 1,25-(OH),D; regulate mesangi-
al SMC phenotypes. Additionally, data in a five of six
nephrectomy model and an IgA glomerulonephritis
model demonstrated that 1,25-(OH),D; treatment pre-
vented the development of glomerulosclerosis [32,33].
Strikingly, we observed decreased glomerular collagen

Hullet et al.

deposition and
(OH),Ds-treated
allogeneic control grafts, these grafts showed almost no
glomerular bioactive TGFf-1 expression by immunostain-
ing. Studies by Li et al. [25] and Chen et al. [34] have
suggested that TGFB-1-mediated changes in mesangial cell
phenotype and collagen synthesis can be blocked by

inhibition of proteinuria in 1,25-
allograft recipients. In contrast to

increased Smad 7 expression. We observed increased
Smad 7 expression in 1,25-(OH),D;-treated recipients.
Taken together these data suggest a potential pathway for
preservation of glomerular structure and function by
1,25-(OH),Ds.

Most studies have demonstrated marginal prolongation
of graft survival by 1,25-(OH),D; [35]. In all cases, signi-
ficant hypercalcemia was observed. With one exception,
1,25-(OH),Dj; in these studies was administrated by daily
or alternate day i.p. injection. Unfortunately, the efficacy
of 1,25-(OH),D; is limited by its short half-life in vivo
when delivered i.p. In contrast to these studies, we dem-
onstrated increased allograft survival in both a murine
nonvascularized and a rat vascularized heart allografts
when 1,25-(OH),D; was delivered orally [7]. There is an
important caution to consider when contemplating oral
1,25-(OH),D; therapy. While no hypercalcemia was
observed in heart graft recipients, we did note elevated
serum calcium levels and calcium deposits in the kidney
tissue of some 1,25-(OH),D;-treated animals. This points
to a narrow therapeutic window but does suggest that if
sufficient 1,25-(OH),D3; can be administered without
inducing hypercalcemia, then 1,25-(OH),D; may be an
effective immunosuppressive agent. Van Etten et al. [36]
have described a synergistic effect when 1,25-(OH),D;
analogs were combined with CSA or mycophenolate
mofetil (MMF) both in vitro and in vivo. Gregori et al.
[8] have prolonged islet graft survival when 1,25(0OH),D;
was used in combination with MMF. This supports our
observation that 1,25-(OH),D; may have efficacy as an
immunomodulatory compound in transplantation. Other
studies have identified a role in regulating immune
responses in disease states characterized by autoimmunity
as well as in transplant rejection [6]. In particular, 1,25-
(OH),D5; has been shown to inhibit the maturation of
dendritic cells (DC) and to influence development of Thl
versus Th2 responses [9,10]. 1,25-(OH),D; also can
induce the generation of regulatory T cells [8]. We and
others have shown that 1,25-(OH),Dj; is effective in pro-
longing allograft survival in models of both acute rejection
and CAN [7-9,28,37]. Redaelli et al. [37] have describe
alterations in cytokine levels in 1,25(OH),D;-treated
recipients of renal allografts where prolongation from 6 to
10 days was achieved. We did not observe changes in
serum levels of IFN-y or IL-4 in our treated recipients
(D.A. Hullett, unpublished observations). However we
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did note attenuation of the early rise in serum creatinine
that occurs in this model suggesting immunomodulatory
effects of 1,25(OH),Ds. Studies both in vitro and in other
nonimmune fibrotic renal diseases clearly suggest the
potential for 1,25(OH),D; to regulate matrix remodeling.
In this study, we have focused our analysis on the novel
matrix modulating effects of 1,25(OH),Ds. There is no
doubt based on the observations described here that the
beneficial effects of 1,25(0OH),D; in the setting of CAN
represent a complex interaction between immunomodula-
tion and regulation of matrix remodeling. We have noted
here that 1,25(OH),D; may have additional effects in
addition to regulating the immune response especially in
light of the observation that 500 ng/rat/day 1,25(OH),D3
was no more effective than low dose (1.5 mg/kg) in pre-
venting the early acute rejection (Fig. 1) episode yet was
the most effective in preventing CAN (Table 2). We real-
ize that it is difficult to separate these effects in an in vivo
model. Yet these grafts demonstrated a reduction in inter-
stitial fibrosis and tubular atrophy compared with
untreated and low dose CSA-treated allogeneic recipients
and preservation of glomerular architecture.

The renal-specific effects we have described suggest that
exogenous 1,25-(OH),D; may have a direct role in regu-
lating matrix deposition in CAN. The 1,25-(OH),Dj; trea-
ted animals manifested a significant decrease in Smad 2
protein levels and an alteration in MMP expression. The
demonstrated changes suggest a direct link between vita-
min D, Smads and MMP regulation. Certainly, these data
go a long way towards confirming the link between vita-
min D and TGF-B1 signaling pathways that had been pre-
viously described in vitro [12,23,24]. The novel finding
that 1,25-(OH),D; also alters MMP levels is a logical
extension of the potential role that 1,25-(OH),D; may
have in regulating intrarenal fibrosis.

Such a finding, combined with 1,25-(OH),D3’s demon-
strated effects on immune cells, positions 1,25-(OH),D;
as a novel immunotherapy for CAN.
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